In this study, nitrogen-doped porous carbons were prepared by high-temperature carbonization of resorcinol-formaldehyde cryogels, which were synthesized with nitrogen precursor (either urea or melamine) added during the synthesis. The pore structure of the resulting carbon was found to depend on the nitrogen precursor added and its concentration. To quantify the extent of the surface hydrophilicity, which is due to the effect of nitrogen doping, we carried out water adsorption at 298 K, and found that the adsorbed amount of water is proportional to the nitrogen content over the low-pressure region (P/P0 < 0.3). In addition, this amount correlated with the pore structure in the intermediate and high-pressure regions. The adsorption isotherms were analyzed with the Horikawa-Do model to quantify the amount of nitrogen doped during water adsorption.
INTRODUCTION
Nitrogen-doped carbon materials have attracted great attention because the introduction of nitrogen atoms into a graphene surface changes its hydrophobicity to hydrophilicity (Strelko and Kuts 1999; Strelko et al. 2000) . Most reports on N-doped porous carbon materials dealt with the electrical performance of supercapacitors (Lota et al. 2005; Kawaguchi et al. 2007 ) and electrically conductive electrodes (Gong et al. 2009 ). Using water to characterize the hydrophilicity has not attracted sufficient interest (Freeman et al. 1993 (Freeman et al. , 1995 Matsuoka et al. 2004) , and to date there has been no explanation on the roles of nitrogen and its configurations in the carbon matrix during water adsorption. Recently, we applied the Horikawa-Do (HD) model (Horikawa et al. 2011) to analyze adsorption isotherms of N-doped carbons, prepared at high temperatures by treating RFCC with ammonia (Horikawa et al. 2012) , and found that only 10% of the doped nitrogen atoms in the carbon matrix act as strong sites for water adsorption.
Although water adsorption is undesirable in some applications, such as volatile organic compound (VOC) removal because it reduces the adsorptive capacity for VOC (Manes 1983; Rudisill et al. 1992; Eissmann and LeVan 1993; Wood 2001; Rodríguez-Mirasol et al. 2005) , its adsorption is utilized in applications such as water adsorption heat pump (WAHP) or desiccant humidity conditioner (DHC) because these processes require a large change in the adsorbed amount over the operational pressure range (Wang et al. 2005) . Water vapour adsorption on typical porous carbons has a sharp uptake at reduced pressure around 0.5, and it could provide an ideal system for WAHP and DHC if the pressure range of water uptake could be brought in line with the operating range of WAHP: P/P 0 = 0.10-0.35. One possible solution to this end is to increase the concentration of functional groups (typically complexes of oxygen); conventional methods are based on oxidation in gaseous phase (Figueiredo et al. 1999) or aqueous phase (Tamon and Okazaki 1996; Figueiredo et al. 1999) . Unfortunately, the application of these methods yields limited success because (1) there is a limit in the amount of functional groups that could be attached to the edges of graphene layers, and (2) carbon atoms are consumed and/or carbon structures are modified by oxidation. The loss of carbon atoms was also observed in our previous study of N-doped porous carbons prepared by treatment of carbon atoms with ammonia (Horikawa et al. 2012) .
In this study, we prepared nitrogen-doped porous carbon materials with different N-precursors, using a different way to introduce nitrogen atoms into the carbon matrix: urea or melamine was added during the synthesis of resorcinol-formaldehyde (RF) resin before carbonization, and then the effects of the nitrogen precursor on the pore structure and its concentration on water adsorption were investigated.
EXPERIMENTAL SETUP

Synthesis of Hydrogels (RF, URF and MRF) and Carbon Cryogels
RF hydrogels were synthesized by polycondensation of resorcinol (R) and formaldehyde (F), using potassium carbonate (K 2 CO 3 ) as a basic catalyst (C) and distilled water (W) as the diluent. RF mixture solutions were loaded into vials, sealed and then placed in a water bath at 298 K for several days. The molar ratios of these solutions are as follows: R/F = 0.50, R/W = 0.04 and R/C = 100 (Horikawa et al. 2004 (Horikawa et al. , 2011 (Horikawa et al. , 2012 .
N-doped RF hydrogels were synthesized by adding either urea (U) or melamine (M) into RF mixture solutions, denoted as URF and MRF, respectively. For URF, the molar ratios were R/U = 1.0, 2.0 and 4.0, (R + U)/F = 0.50, whereas for MRF, R/M = 1.0, 2.0 and 4.0, (R + M)/F = 0.40, 0.43 and 0.46 [(R + U)/F and (R + M)/F are stoichiometric proportions]. For both N-doped samples, the molar ratios of R/W and R/C were 0.04 and 100, respectively, the same as RF hydrogels.
We also prepared MRFs with a wider range of R/M molar ratio: 0.1, 0.5, 1.0, 2.0, 4.0 and 8.0, (R + M)/F = 0.34, 0.38, 0.40, 0.43, 0.45 and 0.47, and the water and catalyst contents were constant with the stoichiometric composition (R + M)/W = 0.05 and (R + M)/C = 100. The mixture solutions were loaded into vials, sealed and then placed in a water bath at 298 and 333 K for URF and MRF, respectively, for several days (Horikawa et al. 2012) . To understand the role of N-doping, we considered the structural formulas of RF, URF and MRF as presented in Figure 1 .
The hydrogels were placed in t-butanol solutions with regular replacement of fresh t-butanol every 2 weeks to displace water. The hydrogels were frozen at 77 K for 1 hour, and then freeze-dried for 3 days under vacuum (20-30 Pa). The resulting cryogels were placed in a ceramic boat, heated to the carbonization temperature of 1173 K at a heating rate of 10 K/minute under a constant N 2 flow, and maintained at the carbonization temperature for 1 hour. The carbonized RF, URF and MRF are designated as RFCC, URFC and MRFC, respectively.
The obtained samples (1 g) were soaked in 100 cm 3 hydrochloric acid solution (35% v/v) with constant stirring for 48 hours to remove the residual catalyst from the carbon matrix, after which the samples were washed repeatedly with distilled water until pH = 7, and then dried at 383 K for 12 hours.
Characterization of Prepared Samples
The weight loss during the carbonization of RF, URF and MRF was measured using a thermobalance (Exstar6000 TG/DTA, SII). Samples were heated at a heating rate of 10 K/minute under flowing N 2 to 1273 K, which is greater than the carbonization temperature of 1173 K. To determine the amount of C, N, H and O, samples were dried at 383 K for more than 12 hours to remove the adsorbed water and measurements were carried out with an elemental analyzer (MICRO CORDER JM10, J-SCIENCE LAB). The X-ray photoelectron spectroscopy (XPS) measurements were performed in a JEOL JPS-9000MX spectrometer, using Mg-Kα radiation (1253.6 eV) for excitation. All the binding energies were calibrated against C1s peak at 284.6 eV, and the deconvolution of the XPS spectra was carried out to identify atoms on the surface.
The surface functional groups of oxygen complexes were measured by Boehm titration (Boehm 1966 ). Approximately 0.1 g RFCC, URFC or MRFC was added to 100 cm 3 standard base solution (0.01 N NaOH, 0.001 N Na 2 CO 3 and 0.001 N NaHCO 3 ), and the acidic oxides on the surface were determined by back-titration with HCl after standing for 48 hours at 298 K to achieve equilibrium.
The adsorption isotherms of carbon dioxide at 298 K and N 2 at 77 K were measured using a constant volume adsorption apparatus (BELSORP-max; BEL Japan). Before each measurement, samples were degassed at 473 K for 5 hours to clean their surfaces. The specific surface area, S, was calculated using the Dubinin-Polanyi equation (Marsh and Siemieniewska 1965) , and the micropore volume, V micro , was calculated by applying the Dubinin-Astakhov equation to CO 2 adsorption data. The mesopore volume, V meso , and the pore radius distribution were estimated by applying the Dollimore-Heal method to the N 2 adsorption isotherm (Dollimore and Heal 1964). Water adsorption-desorption isotherms were measured at 298 K using the same apparatus. Like CO 2 and N 2 , these samples were also degassed at 473 K for 5 hours before each measurement. Longer periods of degassing were carried out and it was found that 5 hours is more than adequate to clean the samples.
RESULTS AND DISCUSSION
Characterization of RF, URF and MRF Porous Carbons
The weight loss and its rate for pure urea, pure melamine, RF, URF and MRF during the carbonization process are shown in Figure 2 . Although the weight loss for pure urea and melamine is negligible at temperatures greater than 700 K, the weight loss for RF, URF and MRF is observed even at temperatures greater than 1000 K. Melamine has better thermostability than urea as shown in the derivative thermogravimetric (DTG) curves in Figure 2 (a). The DTG curves of N-doped carbons, URF and MRF, have peaks around 500 K, at which RF has no observable peak; this is because URF and MRF have a longer bridge structure ( Figure 1 ) and they are more readily pyrolyzed at relatively low temperatures. Another peak around 600 K in the DTG curves is observed for RF and MRF, with the one for MRF being larger because melamine has three nitrogen atoms in the aromatic ring, which are driven off during carbonization. These are consistent with the pyrolysis temperatures of urea and melamine (approximately 500 and 600 K, respectively), which are shown in Figure 2 (a) (pyrolysis was performed under nitrogen flow). When the amount of doping nitrogen is greater, the weight loss is increased and the peaks of the DTG curves were also higher as shown in Figures 2(c and d) .
The elemental analysis data of the samples are shown in Table 1 . The nitrogen amounts based on 100 g carbon increase with the concentration of nitrogen precursor (i.e. decreasing R/U or R/M ratio), while they decrease after carbonization. The nitrogen amounts of all URFCs are approximately 1 g based on 100 g carbon after carbonization process, whereas those of MRFCs vary from 3 to 10 g with the melamine amounts. The amount of the doped nitrogen atoms in the carbon matrix depends on the pyrolysis properties of the N precursor: urea is pyrolyzed at lower temperature (500 K) than melamine (600 K), and therefore the cross-bridges in URF are pyrolyzed easily at lower temperatures. If the formation of micropores proceeds at temperatures close to the pyrolysis temperature of urea, T P,Urea , nitrogen atoms are readily embedded in the carbon matrix. However, if it occurs at temperatures greater than T P,Urea , most nitrogen atoms are released as gas, resulting in a carbon matrix with low N-doped contents, which is what we observed in Figure 2 . 138 Toshihide Horikawa et al./Adsorption Science & Technology Vol. 31 No. 2/3 2013 The doped nitrogen atoms in URFC and MRFC are pyridine-like structures (N-6), pyrrolic and/or pyridine-N moieties (N-5) and quaternary nitrogen (N-Q) in the carbon matrices, which were determined by XPS analysis. In addition, there are no amino groups or nitrogen oxide groups in URFC and MRFC. The results agree with our previous results (Horikawa et al. 2012) .
The nitrogen adsorption isotherms at 77 K are shown in Figure 3 . The adsorption capacity of URFC increases with the amount of urea used as a precursor because of the increase in mesopore volume, compared with that of RFCC, and because this increase is contributed by the loss of nitrogen source, it is directly related to the amount of urea added during the synthesis (e.g. when R/U = 4, the mesopore volume is increased by 0.4 ml/g and when R/U = 1, it is increased by 1 ml/g). The same is observed with MRFC for low melamine loadings, but when the loading is increased, the capacity actually decreases because of the greater loss of nitrogen that collapses the structure of carbonized sample. Because of this, it is not possible to form a solid that has a large mesopore volume and high nitrogen contents. A compromise, however, can be achieved to balance the mesopore volume and the nitrogen content. Figure 4 shows the nitrogen isotherms of MRFCs at 77 K prepared with different melamine additive amounts. The details are shown in Table 2 . The nitrogen adsorption capacity of MRFC initially increases with the amount of melamine added until R/M = 2, and it then decreases dramatically at R/M = 1 and levels off to a plateau as the amount of melamine is further increased (Figures 3 and 4) . Figure  5 shows the pore-size distributions of MRFCs with R/M = 8.0, 4.0 and 2.0. The distribution shifts to larger pore size when the amount of melamine added increases, because the gases (due to the pyrolysis of melamine) released during carbonization are formed at a temperature at which the structure of the carbon matrix is relatively flexible, resulting in the development of mesopores. However, when the amount of melamine is increased (R/M < 2), large quantity of gases are formed as a result of the pyrolysis of melamine bridges in the carbon matrix and/or the aromatic ring with three nitrogen atoms in melamine, destroying the primary spherical particles, which results in the collapse of the mesopore structure. It is because of this, the MRFC samples with R/M = 1.0, 0.5 and 0.1 have a powder-like structure. The doped nitrogen contents increase with increasing the amount of melamine, and the largest content is 24.4 g based on 100 g carbon in MRFC with R/M = 0.1. Figure 6 shows the water vapour adsorption isotherm of the N-doped samples and the fitting results by the HD model. The isotherms in Figures 6(a and b) , RFCC and URFC, show a distinct two-stage uptake, with the first in the intermediate relative pressure and the second in the high relative pressure range. By contrast, the isotherms for MRFCs in Figures 6(c-e) only show a single uptake in the intermediate range. The second uptake over the high relative pressure range is observed only when the material has a pore-size distribution that shows distinct contributions by the micropores and the small mesopores (Horikawa et al. 2011) . MRFC with R/M = 2.0 is microporous and mesoporous, with the mesopore volume comparable with the micropore volume [see Figures 3(f) and 6(c), and Table 1 ]. However, the pore sizes of most mesopores are larger than 10 nm in diameter, and therefore the isotherm exhibits only a single uptake, due to micropores, because water could not adsorb in large mesopores. The insets of Figure 6 show the amount of water adsorbed over the low-pressure range of each sample. It is interesting to see that the adsorbed amount of N-doped samples are at least twice larger than that of RFCC in the low-pressure range, despite the concentrations of the functional groups being almost the same (see Tables 1 and 2) . Especially, the water adsorption isotherm of the N-doped sample with N = 24.4 g/100 g of carbon shows approximately 10 times larger adsorbed amount over the low-pressure range compared with that of RFCC in Figure 6 (e).
Effects of the N-doped Amount on the Water Vapour Adsorption
This suggests that the affinity between N-active sites in N-doped carbon and water molecules is greater than the affinity between the active sites in RFCC and water molecules because if they had the same affinity, then the amounts of water adsorbed would be the same. This increased affinity of N-active sites towards water makes the N-doped carbon more hydrophilic, as hypothesized in the literature (Strelko et al. 2000) . To quantify the increase in affinity, we applied the HD model and lumped the doped nitrogen as part of the total functional group. From the fitting, we have found that the packing fraction of water clusters is greater than what we had achieved in our earlier work using RF-50 (containing no doped nitrogen) (Horikawa et al. 2011 (Horikawa et al. , 2012 , suggesting that the affinity of doped nitrogen towards water is greater than other functional groups. Furthermore, the amount of water adsorbed over the low-pressure range increases with increasing N-doped amount. This allows us to tentatively conclude that the doped nitrogen atoms act as functional groups, with an affinity greater than other functional groups, in agreement with the results of our previous work (Horikawa et al. 2012) .
The onset of the first uptake in the water adsorption isotherm shifts to a lower pressure when the N-doped amount is increased, for example, the relative pressure of the first uptake is approximately 0.5 for N = 0 in Figure 6 (a) and N = 0.8 in Figure 6(b) , 0.4 for N = 4.2 and 0.3 for N = 10.5. Finally, the isotherm of N = 24.4 is the same as the hydrophilic materials such as silica gel or zeolite. This is because of the possible combination of the two factors, namely, (1) the growth of clusters around the functional groups is greater with N-doped carbon, reaching the same amount of clusters at lower pressures and (2) the greater affinity of the pore wall can stabilize smaller water clusters, which are otherwise not possible with non-doped carbons. This combination makes the entry of water clusters in micropores at a lower pressure as observed experimentally, leading us to conclude that when the nitrogen-doped amount is greater than 20 g for 100 g carbon, the surface of N-doped porous carbon is as hydrophilic as silica gel or zeolite.
The increase in the amount of adsorbed water over the range of relative pressures between 0.10 and 0.35 is important in WAHP applications. The increment of water adsorbed, ∆q 0.10-0.35 , for nondoped carbon is 1.7 mmol/g, while it increases to 6.7 mmol/g for the carbon sample having N-doped amount = 10.5. However, this increment is only 3.9 mmol/g for the carbon sample with N = 24.4, because the adsorbed amount at P/P 0 = 0.1 is also high, comparable to that of silica and zeolite. Although the largest increment ∆q 0.10-0.35 = 6.7 mmol/g achieved in this work is still smaller than that of the zeolite developed for WAHP by a Japanese company (Kakiuchi et al. 2005) , the application of N-doped carbon in WAHP is a possibility if the micropore volume could be increased.
CONCLUSIONS
The N-doped porous carbon materials are prepared using urea and melamine as nitrogen source in RF. The nitrogen precursor and its concentration affect the pore structures of the N-doped porous carbons and the amount of the nitrogen in the carbon matrix. The water adsorption isotherms on the N-doped porous carbons were measured at 298 K, and are analyzed using the HD model. It was found that the doped nitrogen atoms act as a functional group, and they have high affinity towards water than other functional groups. When the doped nitrogen amount is over 20 g based on 100 g carbon, the hydrophilicity of the N-doped carbon surface is similar to that of silica gel and zeolite.
The N-doped porous carbon materials could find their application in WAHP if micropore 
